Background: Increasing albumin to creatinine ratio (ACR) within the normal range is a risk factor for cardiovascular disease in the general population. Clinical and epidemiological studies often store urine samples for long durations prior to ACR assessment. The stability of ACR at the lowest urinary albumin concentrations during prolonged storage has not been previously studied because routine clinical assays can't quantify very low concentrations of albumin. Aim: To determine the stability of urinary albumin and creatinine over 12 months in samples stored at À20 C and À80 C using an assay which enables assessment of previously undetectable levels of albumin and to investigate if additives can be used to prevent urinary albumin degradation.
Background: Increasing albumin to creatinine ratio (ACR) within the normal range is a risk factor for cardiovascular disease in the general population. Clinical and epidemiological studies often store urine samples for long durations prior to ACR assessment. The stability of ACR at the lowest urinary albumin concentrations during prolonged storage has not been previously studied because routine clinical assays can't quantify very low concentrations of albumin. Aim: To determine the stability of urinary albumin and creatinine over 12 months in samples stored at À20 C and À80 C using an assay which enables assessment of previously undetectable levels of albumin and to investigate if additives can be used to prevent urinary albumin degradation.
Method: ACR was measured in 30 urine samples from healthy subjects on the day of collection. Each sample was divided into 5 portions, each receiving a different treatment; alkalisation, protease inhibiter, boric acid, low protein binding tubes and no treatment (control). Samples were stored at À20 C and À80 C and ACR was analysed again after 12 months.
Results: Mean (95% CI) percent change in ACR was À34.3% (À47.2 to À21.4; p < 0.0001) and À1.8% (À9.4 to 5.8; p ¼ 0.91) in samples stored at À20 C and À80 C respectively. Treating samples did not prevent the reduction in albumin at À20 C (p < 0.001).
Conclusion:
The loss in urinary albumin concentration which occurs during storage at À20 C for 12 months is not prevented by pre-treating samples prior to storage. For accurate determination of albumin concentration or ACR, samples should be stored at À80 C on day of collection.
Introduction
Moderately increased urinary albumin excretion, formerly known as microalbuminuria, has been established as a risk factor for diabetic kidney disease since the 1980's [1] . Since then a wealth of studies have demonstrated that increasing urinary albumin excretion, even within the normal range, is a risk factor for cardiovascular disease (CVD) in the general population [2, 3] . Urinary albumin to creatinine ratio (ACR) measured in spot samples is clinically preferred as it is more convenient than assessing albumin excretion in timed collections [4] .
Clinical and epidemiological studies investigating the continuous relationship between albumin excretion and the risk of CVD often store urine samples for long durations before measuring the ACR. It is therefore important to understand the stability of ACR during prolonged frozen storage in samples with low levels of albumin, to ensure the reported ACR is valid.
Urinary creatinine appears to be stable during prolonged frozen storage [5] . The strongest agreement amongst studies investigating albumin stability is that urinary albumin, at all levels, is more stable when stored at À80
C when compared to À20 C, and the loss in albumin is variable between samples [6] [7] [8] [9] . The effect of frozen storage on albumin at levels undetectable by standard methods is currently unknown. At higher levels of albumin, Brinkman and colleagues reported a~30% decrease in urinary albumin concentration in samples stored for 12 months at À20 C [10] and later reported this loss in albumin decreases the predictive properties of urine albumin for mortality [11] .
Lambers Heerspink et al. demonstrated that urinary albumin degradation at À20 C (assessed by immunonephelometry) can be prevented by alkalising samples [12] . Kania and colleagues conducted in vitro experiments and reported that pepstatin, a protease inhibitor, prevents urinary albumin degradation [13] . The cause of urinary albumin degradation is not fully understood and some authors speculate that it may result from bacterial contamination [13] . Thus, collecting samples in boric acid, a bacteriostatic agent, might prevent the loss of urinary albumin in stored samples. Investigators have reported that the influence of albumin adsorption to storage containers is <1% in urine samples with an albumin concentration of 4-5 mg/L [14] . This influence might be greater at lower concentrations, of interest in this paper, as the amount adsorbed becomes a larger fraction of the total albumin concentration. Commercially available sample tubes designed to reduce protein binding may decrease albumin adsorption during storage, reducing this effect. The aim of this investigation is to examine the stability of urinary albumin and creatinine over 12 months in samples stored at À80 C using an assay which enables assessment of previously undetectable levels of albumin and to investigate if additives and low protein binding tubes can be used to prevent the loss of urinary albumin in samples stored at À20 C.
Methods
Ethical permission was obtained to collect thirty urine samples (20 from random spot collections and 10 from overnight collections) from 17 participants, all without any known disease (Cornwall & Plymouth REC 14/SW/0049). Only subjects with normoalbuminuria were included in the study to ensure low levels of urinary albumin were investigated. Each sample was divided into five portions, each undergoing different treatments:
1. No treatment; 400 μl aliquots were stored in standard 2 ml polypropylene micro tubes (Sarstedt, Nümbrecht, Germany, P72.609.001).
These tubes were also used to store 400 μl aliquots from samples which had received the other treatments. 2. Alkalisation; 15 μl of NaOH 1 M (Sigma Aldrich, Missouri, USA) was added to 10 ml of sample. After gentle mixing by four hand inversions, pH was measured by a portable pH tester (Hanna instruments, Rhode Island, USA) to ensure pH > 8. 3. Boric acid; 20 ml of each sample was added to containers precoated with boric acid (Sarstedt, Nümbrecht, Germany, P51.9923.820). 4. Protease inhibitor; 1 mg pepstatin (Sigma Aldrich, Missouri, USA, P5318) was dissolved in 1 ml of a 10% acetic acid: 90% methanol solution (Sigma Aldrich, Missouri, USA). A 1:10 dilution was made using deionised water to make a working solution of 0.1 mg/ml.
The manufacturer states the effective concentration of pepstatin is 1 μg/ml. Therefore 100 μl of the working solution was added to 9,900 μl of urine sample. 5. Low protein binding tubes; 400 μl aliquots of untreated samples were stored in 1.5 ml low protein binding micro tubes (Sarstedt, Germany, P72.706.600).
Urinary albumin and creatinine were measured on the day of collection. After the samples had undergone the different treatments, 400 μl aliquots were stored at À20 C or À80 C. After storage for 12 months, aliquots from all 300 samples were thawed to room temperature and mixed by four hand inversions prior to measuring urinary albumin and creatinine again. Corresponding samples which were stored at different temperatures were analysed in the same batch. Urinary albumin was measured using an enzyme linked immunosorbent assay (ELISA) (Orgentec, Mainz, Deutschland) on an automated platform (DS2, Dynex technologies, VA, USA). Samples were measured in duplicate with four quality controls tested on each microplate (two containing albumin in a serum/buffer matrix and two from pooled urine samples). In-house validation of the ELISA demonstrated a strong agreement with the routine immunoturbidmetric assay (COBAS, Roche Diagnostics Ltd., Burgess Hill, UK) (y ¼ 0.98 (0.90-1.08) x þ 3.66 (2.69-4.50) for samples measurable by the COBAS method). The Orgentec ELISA has a limit of quantification of 0.74 mg/L, the limit of detection was 0.24 mg/L and within batch coefficient of variation (CV) is <12%. Urinary creatinine was measured by the Jaffe method on the P8000 COBAS analyser (Roche Diagnostics Ltd., Burgess Hill, UK), which demonstrated a within batch CV <4.2%.
The difference in urinary albumin, creatinine and ACR after 12 months storage is expressed as the percent change relative to the baseline concentration when measured fresh, and compared using the Wilcoxon sign-rank test. Normality of data was tested by Shapiro Wilks test. The mean and standard deviation (SD), and median and interquartile range (IQR) are reported for data with normal and nonnormal distribution respectively.
Results
All urines had measurable urinary albumin using the validated ELISA. Median age [IQR] was 34 [22 to 47] years, 47% were men and all participants were Caucasian and without any known disease (Table 1) The mean (95% CI) percent change in albumin concentration was À5.3% (À12.5 to 2.0; p ¼ 0.06) in untreated samples stored for 12 months at À80
C, compared to not frozen samples (Fig. 1) . Urinary albumin concentration was significantly reduced in untreated samples stored at À20 C, with a mean (95% CI) change of À36.9% (À49.4 to À24.4; p < 0.0001). Treating samples and using low protein binding tubes did not prevent the loss of urinary albumin at À20 C (p < 0.001).
Urinary creatinine concentration was reduced (compared to not frozen samples) in untreated samples stored for 12 months at À20 C and À80 C, with a mean (95% CI) percent change of À4.3% (À6.0 to À2.5) and À3.5% (À5.1 to À1.9) (p ¼ 0.0001) respectively.
However, this is not a clinically significant change (<10%) [15] [16] [17] . This is not true for alkalised samples stored at À20 C, as the change in creatinine was much greater at À15.6% (À25.0 to À6.1) (p < 0.0001). This magnitude of change was not observed in alkalised samples stored at À80 C (À4.4% (À5.9 to À2.8); p < 0.0001).
Mean (95% CI) percent change in ACR was À34.3% (À47.2 to À21.4; p < 0.0001) and À1.8% (À9.4 to 5.8; p ¼ 0.91) in untreated samples stored for 12 months at À20 C and À80 C, respectively, compared to not frozen samples. Treating samples and using low protein binding tubes did not prevent the loss of ACR at À20 C (p < 0.001). Observed decreases in ACR reflect the change in albumin concentration, however the increase in ACR observed in alkalised samples stored at À20 C reflects decreased creatinine concentration.
Discussion
This work demonstrates that, even when urinary albumin is quantified below the levels usually detectable by standard methods, urinary albumin and ACR are stable and can be accurately assessed following storage for 12 months at À80 C but not at À20 C. This confirms the findings from previous studies carried out at higher albumin concentrations [7] . Our findings demonstrate that treating samples or using low protein binding tubes does not prevent the loss of low levels of urinary albumin in samples stored at À20 C.
Our findings do not support previous research which suggests alkalising samples [12] and adding pepstatin [13] prevents urinary albumin degradation. Different cohorts and methodological approaches may contribute to the discordance in findings, but we demonstrate that these are not suitable methods of preserving the lowest concentrations of urinary albumin in samples stored at À20 C for 12 months. In our study, storing samples in boric acid did not prevent urinary albumin loss at À20 C, this has also been reported at higher albumin concentrations in a recent study by Herrington et al. [9] . We identified a small loss in urinary creatinine concentration in untreated samples after storage for 12 months at both À20 C and À80
C. This small difference is not clinically significant [15] [16] [17] and did not influence the ACR, it may reflect assay imprecision.
Creatinine stability during prolonged frozen storage has been reported in other studies [5, 12] .
In conclusion, clinical and epidemiological studies investigating the relationship between increasing ACR in the normal range and risk of CVD in the general population should store samples at À80 C if ACR measurement is not carried out on the day of collection.
Collecting urine samples in boric acid, storing in low protein binding tubes, pre-treating by alkalisation or by adding pepstatin, does not prevent the decline in urinary albumin concentration over 12 months storage at À20 C.
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